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Introduction
In ophthalmology, topical administration is the most common mode of drug administration. It is useful in the treatment of diseases in the anterior segment of the eye that affects the cornea, conjunctiva, anterior parts of the sclera, ciliary body, and iris. 1 These diseases include glaucoma, infections, and inflammations in the anterior part of the eye. Conjunctiva is a semi-transparent mucous membrane that covers the inner side of the eyelids and the anterior part of the sclera (Figure 1 ). Drug concentration in the lacrimal fluid declines rapidly post-instillation due to solution drainage, induced lacrimation, and trans-conjunctival drug absorption to the systemic circulation. [2] [3] [4] [5] Less than 5% of drug reaches aqueous humor, mainly via trans-corneal absorption. [6] [7] [8] [9] [10] Ocular drug absorption via conjunctiva leads to drug disposition to the sclera and iris-ciliary body, circumventing the aqueous humor. [11] [12] [13] [14] Interestingly, trans-conjunctival absorption results also in some drug delivery to the retina and choroid. 14 Conjunctiva is a vascularized tissue 15 and more permeable than the cornea 4, [16] [17] [18] [19] . Therefore, the conjunctiva has a dual role in ocular pharmacokinetics: it is a route for both ocular and systemic drug absorption.
Three parts are distinguished in conjunctiva: 1) the palpebral conjunctiva that covers the inner surface of the eyelids; 2) the bulbar conjunctiva covering the visible parts of the sclera and lining with the limbus; 3) the fornix (forniceal conjunctiva) that conjoins the two previous parts 20 ( Figure 1 ). The conjunctiva is formed by an outer epithelium and inner stroma. The epithelium is composed of stratified epithelial cells, which exhibit tight junctions at the apical side. 15, 17 On the other hand, the underlying stroma contains connective tissue with blood and lymphatic vessels. Conjunctiva provides the tear film with essential elements, such as mucin. 21 The cornea is a well-characterised tissue and it has been widely investigated as a barrier for ocular drug absorption. 17, 18, 22 On the other hand, conjunctiva has been less investigated, though it may be a viable route for ocular drug delivery, even to the posterior segment. 11, 12, 14, 23, 24 Additionally, the conjunctiva is an important route of drug loss from the ocular surface to the blood stream 4, 5 , because it has a relatively large surface area (17 and 9 times larger than cornea in humans and rabbits, respectively) 25 and rich blood flow 4, 15 . Hence, this route contributes to the low bioavailability of the instilled drugs. [3] [4] [5] 9, 26 Few studies have tried to identify drug properties that define conjunctival permeability, but only narrow sets of compounds have been used. 16, 18, 27 Systematic studies, models of conjunctival drug permeability, and related quantitative structureproperty relationship (QSPR) models are not available.
We studied the permeability of 32 clinical drugs, representing wide chemical space, in porcine conjunctiva using cassette dosing approach (N-in-one). The experimental data of conjunctival permeability was successfully correlated with the physical-chemical compound properties using multivariate QSPR technique.
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Materials and methods
Compounds and sample preparation
We chose 32 clinically used drugs for the N-in-one platform. Stock solutions of drugs (1 mg/mL or 10 mg/mL)
were prepared in either phosphate-buffered saline (PBS) or dimethyl sulfoxide (DMSO Since the compounds exhibited varying quantitation limits, they were prepared at two different stock concentrations: 1 mg/mL and 10 mg/mL. Most (n = 22) of the compounds belonged to the 1 mg/mL group, while 10 mg/mL was used for the following 10 compounds: aztreonam, bromfenac, dexamethasone, diclofenac, indomethacin, levocabastine, methazolamide, prednisolone, quinidine, and tizanidine. The cassette mix was prepared by diluting the stock solutions 1:100 with BSS Plus. Another 1:10 dilution with BSS Plus was performed in the apical side of the diffusion cell to reach final drug concentrations in the permeability assays (1 or 10 µg/mL). The final DMSO concentration was 1.6% in the apical side.
Tissue preparation
Fresh enucleated porcine eyes were obtained from a local slaughterhouse and transported to the laboratory on ice in Dulbecco's phosphate-buffered saline (DPBS, pH 7.4) (Gibco, Invitrogen, NY, USA). The bulbar conjunctiva was isolated (Figure 1 and 2) and used in the permeability study. However, some parts of the fornix and palpebral conjunctiva with attached fat tissue were also dissected. The isolation was performed as following: a small cut (1 cm) was made with the scalpel along the limbus, separating the cornea from the conjunctiva. Then, either iris or conjunctival scissors were used to carefully detach the conjunctiva from the tissue beneath. A pair of mosquito forceps were carefully inserted into the small cut and fixed to both ends of the conjunctiva tissue (Figure 2 ). At this point, the preferred tissue piece was still attached at all sides, except at the limbus and partly beneath. Finally, the tissue was removed from the eyeball by cutting along the outer side of the mosquito forceps, and beneath and at the back of the tissue, resulting in a square tissue
piece. Balanced salt solution, containing glutathione, glucose, bicarbonate, and electrolytes (BSS Plus, pH 7.4 and osmolarity 305 mOsm) (Alcon Laboratories, TX, USA), was applied on the surface of the eye during the dissection to avoid drying of the tissue and to maintain optimal conditions. Special care was taken not to stretch the tissue to avoid any possible damage.
Permeability study
The conjunctival tissue was placed on a plastic mesh (pore size of 1 mm) and then between two silicon adapters with a circular aperture of 0.64 cm Prior to each experiment, the electrodes were pre-soaked in the chambers without the tissues. Resistance due to the diffusion medium and adapters was measured, and reduced from the values with conjunctiva.
Likewise, the asymmetry voltage between the electrodes was determined. The acceptance of isolated conjunctival samples for the permeability assays was based on visual inspection and TER values over 40 Ω ). The linear range of the flux had a R 2 value of >0.9 for all of the drugs in the cassette mixture. The sink conditions were fulfilled during the permeability experiments, meaning that the concentration of the receiver site was less than 10% of that on the donor site.
Quantitative analysis
The weighting was used for all compounds.
Multivariate QSPR model generation
The apparent conjunctival permeability (P app, CJ ) values for the 32 small molecular weight drugs and their 34 molecular descriptors were used to generate a QSPR model using the multivariate analysis tools of principal component analysis (PCA) and linear partial least square (PLS), as described in the flow chart ( Figure 3 ).
Molecular descriptors:
The ACDlabs® software (version 12, Advanced Chemistry Development, Inc., Toronto, Canada) was used to calculate 34 molecular descriptors from the structure-data file format of the Applicability domain: The generated QSPR model can only be employed for compounds in the same chemical space than the training set. For that, we used a straightforward approach based on defining the descriptor range values that the training set holds.
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Results
Tissue preparation and conjunctival permeability
The barrier integrity of the tissue was confirmed by solute P app, CJ values and bioelectrical measurements.
The TER values were 86 ± 29 Ω Table   1 ). The drugs in the cassette mix represented a broad LogD 7.4 range, but no correlation was observed for the conjunctival permeability (Figure 4) . Similarly, conventional single descriptors did not give such a correlation with permeability that would be useful in predictions (see Supplementary data 1, section 2).
FOOTNOTE OF 
Model building (PLS), validation and applicability
The training set of the 22 compounds was used to generate the PLS models. During the modeling process, the least relevant descriptors were excluded based on PLS weight, coefficient-, and VIP plot information, as well as, the accuracy to predict the internal set. The VIP plot of the training set can be seen in Figure 6 , showing the relevant descriptors at that stage of the modeling. Finally, three models (A, B and C) were obtained ( Table 2) 
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The generated QSPR model can be used for predicting drug conjunctival permeability. The drug should be within the chemical space of the training set to be predictable by the model. The applicability domain of the model A is defined by the descriptor range of the training set, shown in detailed in Supplementary data 2.
Discussion
For the first time, a QSPR model for conjunctival permeability was generated with broad chemical space and wide permeability range of conjunctival permeability. Moreover, the present model was based on permeability values obtained in the same experiment avoiding possible errors when using data from different sources. This makes the model more trustworthy as it has been pointed out elsewhere. 29 Our results show that the essential descriptors for conjunctiva permeability in the porcine eye are PSA, HBD, and halogen ratio. This is in line with other authors' observations that lipophilicity alone is not sufficient to predict conjunctival drug permeation. 18, 27 PSA and HBD have an inverse effect on the P app, CJ , so that drugs with smaller PSA and HBD values will present higher P app, CJ values. The same descriptors have been shown to be relevant in transport-related QSPR models in different tissues, as in the intestine 30, 31 , blood-brain barrier (BBB) 32 , and cornea 33 . The PSA describes the molecular area of the drug that represents the polar substituents. The higher this area is, the more difficult it is for the molecule to permeate to the lipid bilayers of the cells in the conjunctiva. The HBD is related to the ability of the molecule to form hydrogen bonds with water, which should vanish before drug partitions to the cell membranes. Thus an increase of the PSA and the capacity of forming hydrogen bonds decrease the permeability of the molecule, as is expected. On the other hand, the lipophilicity that was relevant determinant in the corneal permeability 33 , is not present in the QSPR model for conjunctiva tissue permeation. This indicates that drug geometry and the capacity of forming hydrogen bonds rather than the lipophilicity seem to be more relevant for the conjunctival tissue. The halogen ratio in the QSPR equation has a positive effect on the P app, CJ . Halogenation has been shown to positively affect permeability of small molecular drugs 34 and in vitro BBB permeability of peptides 35 , but the mechanistic reasons are not clear.
The combination of the QSPR methodology and cassette dosing has proven to be a potent approach.
Cassette dosing is an effective high-throughput method for producing rich and reliable data for parameter generation. It has been successfully used for instance in drug permeability studies in Caco-2 cells. 36, 37 Drug stability and interactions in the cassette mixture, as well as, saturation of drug transporters during permeability study need to be critically considered when using cassette dosing approach. The drug transporter P-glycoprotein (P-gp) is known to be expressed in both human conjunctival epithelium 38 and rabbit conjunctiva epithelial cells 39, 40 , but no data has been published for porcine conjunctiva. P-gp in rabbit conjunctiva epithelial cells has been seen to affect the permeability of some lipophilic drugs. 39, 40 Our data suggests that the transporter effects are minor, because no major outliers were seen in the data as significant outliers (Supplementary data 1, section 4 ), but still we cannot rule out the possibility of 'hidden'
transporter effects on permeability in the conjunctiva.
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Dissection of the conjunctiva is challenging and requires careful optimization. Dissection of conjunctiva has only been described in rabbit eyes by Kompella et al., (1993) 41 . Bulbar conjunctiva, and possibly some parts of the fornix and palpebral conjunctiva with fat tissue, were isolated from the porcine eye and exposed to drug solution. It has been shown that the bulbar and palpebral conjunctiva have similar paracellular permeability for hydrophilic molecules (<1000 g/mol) in rabbits 19 , although the number of cell layers varies in the conjunctiva 21 . This indicates that the outermost layer of the epithelium is the rate limiting barrier 17 and has similar features in both parts of the conjunctiva. The integrity of the isolated conjunctiva was monitored by TER measurements. The TER values in our studies (average 477 ± 224 Ω x cm 2 ) were clearly lower than those obtained with isolated rabbit conjunctiva (average 1273 ± 68 Ω x cm2) [41] [42] [43] . Our studies proved to be reliable with a similar or lower range of P app, CJ values than in excised rabbit conjunctiva. 18, 44, 45 For example in the study of Wang et al., (1991) 18 , the permeability values of β-blocker set in rabbit conjunctiva was in the range of 10 -5 cm/s, in other words10 fold higher than our results in the porcine conjunctiva (range of 10 -6 cm/s).
Mainly excised rabbit conjunctiva and primary rabbit conjunctival epithelial cells (both liquid and air-liquid cell cultured systems) have been used in permeability studies for small molecular drugs (mostly β-blockers) and proteins. 17, 18, 39, 40, 43, 45 The present model is based on porcine conjunctiva permeation, and species difference may exist. Loch et al. (2012) 44 studied the permeability of lidocaine, ciprofloxacin, timolol, and dexamethasone in various ocular tissues, including conjunctiva of rabbit, porcine, and bovine. They showed that the overall drug permeability in porcine and bovine tissues was lower than in rabbit. In principle, porcine eye can be a valuable model, since it shows anatomical similarity with the human eye. [46] [47] [48] [49] However, human conjunctival drug permeability data is lacking, and no direct permeability comparisons can be performed.
More studies are required to discern which animal model is better for conjunctival permeation prediction in the human eye.
The conjunctiva has been presented as an important route for drug elimination to the systemic circulation after topical administration. The vascularization varies in the different parts of the conjunctiva, which means that trans-conjunctival permeation takes the drug to very different places. Permeation across the palpebral conjunctiva leads to systemic drug absorption, whereas bulbar permeation takes drug to the non-corneal ocular absorption pathway, where part of the drug is lost to the systemic circulation and small part will permeate to intraocular tissues. [11] [12] [13] [14] Therefore, permeation of topical drugs to the posterior segment is primarily mediated via conjunctival permeation across the bulbar site. 11, 12 The potential of using the conjunctival route for drug delivery to the back of the eye of new drugs or drug delivery systems is an interesting area in ophthalmology and may offer a potential pathway for the treatment of retinal diseases.
In short, the conjunctival QSPR model that we present can be used in predicting conjunctival permeability of new potential ocular drugs that fall in the same chemical space of the model. The model can further be incorporated in pharmacokinetic models to predict concentration profiles of drugs at the ocular surface and to estimate ocular bioavailability.
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Conclusions
Conjunctival permeability was studied using 32 drugs representing wide chemical space. A predictive QSPR model was established for conjunctival drug permeability. PSA, HBD, and halogen ratio were the most relevant parameters defining drug permeability in the porcine conjunctiva. The model is a new tool augmenting ocular drug development.
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